Chromosomal rearrangements have a relevant role in organismic evolution. However, little is known about the mechanisms that lead different phylogenetic clades to have different chromosomal rearrangement rates. Here, we investigate the causes behind the wide karyotypic diversity exhibited by mammals. In particular, we analyzed the role of metabolic, reproductive, biogeographic and genomic characteristics on the rates of macro-and microstructural karyotypic diversification (rKD) using comparative phylogenetic methods. We found evidence that reproductive characteristics such as larger litter size per year and longevity, by allowing a higher number of meioses in absolute time, favor a higher probability of chromosomal change. Furthermore, families with large geographic distributions but containing species with restricted geographic ranges showed a greater probability of fixation of macrostructural chromosomal changes in different geographic areas. Finally, rKD does not evolve by Brownian motion because the mutation rate depends on the concerted evolution of repetitive sequences. The decisive factors of rKD evolution will be natural selection, genetic drift and meiotic drive that will eventually allow or not the fixation of the rearrangements. Our results indicate that mammalian karyotypic diversity is influenced by historical and adaptive mechanisms where reproductive and genomic factors modulate the rate of chromosomal change.
INTRODUCTION
Chromosomal rearrangements play a relevant role in evolution. Chromosomal mutations can be macrostructural, when they produce an obvious alteration of chromosome morphology and/or number caused, for instance, by pericentric inversions or Robertsonian fusions/ fissions (White, 1978a; King, 1995) . However, they can be also microstructural rearrangements because of heterochromatin amplification, small deletions, duplications, inversions or translocations that can only be detected through chromosome banding or painting techniques (see, for example, Stanyon and Graphodatsky, 2012) .
The evolutionary relevance of chromosomal rearrangements is suggested by the close association between speciation and chromosomal evolution (Bush et al., 1977; White, 1978a) . Newly arisen spontaneous chromosomal rearrangements may eventually produce transient or stable polymorphisms within a population. As genomic changes are likely to be under selective pressure, such polymorphisms may become fixed (that is, homozygous) if they provide some evolutionary advantage to carriers (Lande, 1984) . Nevertheless, neutral or even underdominant rearrangements may also become fixed through stochastic processes in small isolated populations, and eventually disperse by migration (Lande, 1984; Dobigny et al., 2015) . It was traditionally thought that chromosomal rearrangements could act as strong post-mating isolation mechanisms and even trigger speciation because of decreased fertility of hybrids between populations differing in one or several rearrangements, and thus fixation of chromosomal polymorphisms could contribute to the long-term process of speciation (White, 1978b; King, 1995) . However, the hypothesis of chromosomal speciation because of meiotic-derived sterility was controversial and difficult to verify and was frequently based on indirect evidence, although in many cases, chromosome divergence could be a consequence rather than a cause of speciation. Furthermore, previous studies correlating speciation with chromosomal evolution between mammalian clades lacked a comparative phylogenetic approach, using taxonomy as a stand for phylogeny (see, for example, Bush et al., 1977) . Nevertheless, interest in the speciation-chromosomal diversification association has remained present and some authors (see, for example, Rieseberg, 2001) have proposed novel models of speciation based on recombination effects and reduction in gene flow instead of classic underdominance in hybrids because of meiotic segregation impairment. Although preliminary works have mainly explored the role of chromosomal rearrangements in speciation, the causes of differential chromosomal variation among clades and across evolutionary time has received much less attention (Martinez et al., 2015; Ross et al., 2015) . Today, many tools are at our disposal to apply robust phylogenetic analyses to our data sets, making comparative studies more powerful than in the past. In this sense, our paper represents a unique and fresh contribution to the problem of chromosomal evolution.
Mutational rates and chromosomal rearrangements are frequently associated to repetitive DNA sequences (Garagna et al., 2001) . Translocations and inversions require the breakage of both DNA strands; however, there are regions of the genome where these events are more frequent. In fact, chromosomal rearrangements are not randomly distributed along the genome but concentrated in recombination hot spots (Bailey et al., 2004) . These hot spots are usually associated with tandemly repeated sequences, frequently grouped in the form of heterochromatin (Garagna et al., 2001; Bailey et al., 2004) , and generally characterized by rapid and convergent evolution (Dover, 2002) . Similarly, repetitive sequences are under concerted evolution and can be distributed among different chromosomes by means of unequal crossing over, transposition, retrotransposition and/or slippage (Dover, 2002) . Hence, it can be predicted that repetitive sequences can affect the rate of chromosomal change, whereas mechanisms such as meiotic drive, genetic drift and natural selection will affect the fixation rate of chromosomal rearrangements (White, 1978b; Villena and Sapienza, 2001; Molina et al., 2014) ; thus, we hypothesize that the rate of karyotypic diversification (rKD) would show a non-Brownian evolutionary mechanism (Non-neutral Hypothesis).
Several hypotheses have been proposed to explain the differential rates of genomic evolution that are associated with the rKD of the different taxonomic groups. These hypotheses involve metabolic, reproductive, biogeographic and genomic characteristics of species. The Metabolic Rate Hypothesis states that organisms with high metabolic rates in relation to body mass show high genomic mutation rates, probably because of higher oxidative damage of DNA (Martin and Palumbi, 1993; Allen et al., 2006) . The Longevity Hypothesis proposes that larger and long-lived organisms have a lower mutational rate by possessing sophisticated repair mechanisms (Seluanov et al., 2009; Munshi-South and Wilkinson, 2010) . There is evidence that larger and more longevous organisms invest more in DNA repair because they have to maintain a larger number of cells for a longer period of time. Thus, the efficiency of DNA repair mechanisms seems to increase with body size and longevity (Bromham, 2011) . The Reproduction Rate Hypothesis suggests that species with a higher number of offspring per unit of time will also test more meioses per unit of time, allowing for a higher chance of mutations, and would accumulate more errors during DNA replication (Laird et al., 1969; Li et al., 1996) . The Geographic Range Hypothesis states that taxa with wide geographic distributions, but with small isolated populations, will have a higher probability that genetic changes, adaptive or not, become fixed either through natural selection or genetic drift (White, 1978b; Lande, 1984; Hendry, 2004; Charlesworth et al., 2003; Hooper and Price 2015; Ross et al., 2015) . Clearly, these hypotheses are not mutually exclusive.
Although a large amount of karyotypic information of vertebrates is available today (see, for example, O'Brien et al., 2006; Arai, 2011) , it is noteworthy that few phylogenetic comparative studies have analyzed the causes of chromosomal diversification and its role in speciation (see, for example, Organ et al., 2008; Hooper and Price, 2015; Martinez et al., 2015) . In the present study, we used comparative analyses of mammalian chromosomes to test several metabolic, reproductive and biogeographic hypotheses concerning rKD evolution (Table 1) .
Mammals are a model group to test these hypotheses of chromosomal diversification. First, they are the best-known organisms regarding cytogenetics at macro-and microstructural levels. Second, there is a vast amount of knowledge on their biological characteristics and geographic distributions. Finally, robust phylogenetic hypotheses exist that allow performing comparative analyses. In particular, we predict that (1) rKD does not evolve neutrally, (2) lineages with higher metabolic rate in relation to body mass will show higher rKD, (3) lineages with larger and long-lived individuals will have a lower rKD, (4) lineages with higher litter size per year and earlier sexual maturity will have higher rKD and (5) lineages with larger geographic distributions will have higher rKD (Table 1) .
MATERIALS AND METHODS
Our analyses were conducted at two levels regarding karyotypic information. First, we collected information on karyotype descriptions (diploid and fundamental numbers) for 1137 mammalian species belonging to 107 families based on data from Villena and Sapienza (2001) Table S2) . From this information, two indices of karyotypic diversity were estimated. (1) Because Roberstonian fusions/fissions and pericentric inversions alter the chromosome number and the fundamental number, respectively, the number of karyotypes was quantified for each family and those with differences in chromosome number and/or fundamental number were considered distinct. A rate of macrostructural karyotypic diversification (rKDmacro) was calculated for each mammalian family dividing the number Table 1 Five hypotheses associated with the rate of genomic evolution and their predictions for the rate of karyotypic diversification (rKD) of mammals
Hypotheses Prediction References
Non-neutral Hypothesis: Multiple causes and mechanisms such as meiotic drive, genetic drift and natural selection affect rKD.
rKD does not evolve neutrally, and will exhibit a significant phylogenetic signal.
1, 2, 3, 4
Metabolic Rate Hypothesis: Metabolic rates, when controlled for body mass, affect genomic mutation rates.
Lineages with higher metabolic rate in relation to body mass will show higher rKD.
5, 6, 7
Longevity Hypothesis: The efficiency of DNA repair mechanisms increases with body mass and longevity.
Lineages with larger and long-lived organisms will have lower rKD.
8, 9, 10
Reproduction Rate Hypothesis: More offspring per unit of time allows a higher chance of accumulating errors during DNA replication.
Lineages with higher litter size per year and earlier sexual maturity will have higher rKD.
11, 12
Geographic Range Hypothesis: Taxa with wider geographic distributions will have higher probability of fixation of genetic changes in different parts of their range.
Lineages with larger geographic distribution will have higher rKD.
13, 14
References: (1) Charlesworth et al. (2003) ; (2) (2010); (10) Bromham (2011); (11) Laird et al. (1969) ; (12) Li et al. (1996) ; (13) White (1978a, b) ; (14) Hendry (2004).
of different karyotypes by the divergence time of the most recent common ancestor of the family. Thus, the rate quantifies chromosome changes per million years (c/my). A linear regression indicated that rKDmacro is not determined by the percentage of karyotyped species per family (P = 0.207), indicating that in our data set this mutation index is robust to sampling bias. Divergence times were obtained from The Tree of Life Web Project (Maddison et al., 2007, available at: http://tolweb.org/tree/) (Supplementary Appendix A and Supplementary Table S3 ). One possible limitation of our index could be that families with the same time of origin and same species richness but with different speciation rates (for example, one family quickly diversifying close to its time of origin and another having diversified more recently) will have the same rate of karyotypic diversification. To test the possible impact of this limitation on our analyses we estimated the speciation rates through the BAMM 2.5 software (Rabosky et al., 2014) and compared whether sister families (with the same time of origin) have very different diversification rates. Our results showed that sister families have, on average, differences in speciation rate that are similar or lower than those of non-sister families (Supplementary Appendix B and Supplementary Table S1 ). Thus, we considered that the impact of this possible limitation of our index was low given the phylogenetic amplitude we used. (2) On the other hand, most micro-rearrangements are underestimated by the rKDmacro that only considers macrostructural gross changes. Thus, a second index was calculated using data of chromosomal changes detected through chromosome painting and chromosome banding. For constructing this index we used only those works in the available cytogenetic literature in which the karyotypic changes were polarized with respect to an ancestral karyotype.
To elaborate the karyotype hypotheses we first created a presence/absence matrix of chromosomal fragments detected from G-banding and chromosome painting based on published results. Then, we used parsimony analyses combined with external groups to determine ancestral syntenies and possible associations between karyotypes (more details in Stanyon, 1997, 1998; Graphodatsky et al., 2012) . Thereby, the construction of ancestral kayotypes allowed us to detect and polarize chromosomal changes over evolutionary time. To quantify chromosomal changes, we considered the deletions, insertions, fusions and fissions in relation to the ancestral karyotype.
In this way, we quantified the number of chromosomal changes per species with respect to the ancestral karyotype over the time of origin of this ancestor. We called this index the microstructural rate of karyotypic diversification (rKDmicro) (Supplementary Appendix A and Supplementary Table S2 ).
Our rKDmicro index has a negative correlation with ancestral age of lineages (r 2 = 0.04, b = − 0.011, Po0.002) where more recent lineages show a higher rate of chromosomal diversification. This results possibly reflects a bias resulting from a higher number of chromosome painting studies in phylogenetically closely related species (for example, belonging to the same genus) performed when authors already expect marked or interesting chromosomal differences.
To analyze whether the rates of macro-and microstructural karyotypic diversification were correlated with metabolic and/or reproductive characteristics, we obtained data of body mass, metabolic rate, longevity, litter per year and sexual maturity age. For the rKDmacro analyses, mean values of all variables were obtained for each family. To analyze whether geographic distribution factors affected chromosomal diversification rates we calculated the distributional range of each family and each species from PanTHERIA database (Jones et al., 2009) . However, for rKDmacro, the distributional range is a rather crude predictor: comparable latitudinal ranges could include few species with large distributions, or many species with small ones. Thus, we calculated the mean distributional range for species from each family to be used as predictor in correlation analyses (Supplementary Appendix A and  Supplementary Tables S2 and S3) . Litters per year and sexual maturity age are directly correlated with the number of gametes produced and involved in fertilization, and both variables depend on the longevity of organisms. Therefore, we also included the interaction of litter per year and sexual maturity age, with longevity in the construction of models. Trait data were obtained from PanTHERIA database (Jones et al., 2009) and completed with four additional data sets (Pacifici et al., 2013; Tacutu et al., 2013; Verde Arregoitia et al., 2013; Wilman et al., 2014) . Traits considered for the analyses with rKDmacro and rKDmicro had 6.4% and 34.6% of missing data, respectively. Having complete data is desirable in order to perform multiple regression models without losing too many degrees of freedom, and thus imputations methods in trait data sets are increasingly being used (Verde Arregoitia et al., 2013) . In order to improve the precision of the imputation, we used the whole mammalian trait data set (25 traits, 5416 species) to impute our five traits of interest (body mass, metabolic rate, longevity, litters per year and sexual maturity age) with the missForest function (Stekhoven and Bühlmann, 2012) . This function has been shown to perform better than other imputation methods and produces less biased results than those generated with incomplete data sets (Penone et al., 2014) .
To analyze the mode of evolution of both rKD indices we used models for evolution of continuous characters (Pagel, 1999) with the GEIGER package (Harmon et al., 2008) in R 3.0.2 (https://www.r-project.org/). Maximum likelihood values for five evolutionary models were obtained: Brownian model (Blomberg et al., 2003) , Speciational (kappa) model, deceleration and acceleration (delta) model (Pagel, 1999) , Ornstein-Uhlenbeck process with a single optimum (Butler and King, 2004) and a model that assumes the absence of phylogenetic effect.
As across species evolutionary questions require control of phylogenetic dependence (Felsenstein, 1985) , the relationship between both rKDs and the different variables was analyzed through phylogenetic generalized least squares regression (PGLS, Grafen, 1989 ); Pagel's λ (Pagel, 1999) (phylogenetic signal in the model residuals) was estimated using a maximum likelihood method, performed with the Caper package implemented in R 3.0.2. The models were performed using a phylogenetic covariance matrix assuming either the Brownian Motion (BM) or the Ornstein-Uhlenbeck model of evolution. The Brownian Motion model showed a better fit in the PGLS (Supplementary  Appendix A and Supplementary Table S4) , and thus we used the covariance matrix assuming Brownian Motion for PGLS. The best PGLS and evolutionary model was selected by Akaike's information criterion (AIC): when ΔAIC42 we considered as indicative of strong support for the best model over other candidate models (Burnham and Anderson, 2002) .
For all analyses of rKDmacro we used a recent robust phylogenetic hypothesis based on a molecular supermatrix (35 603 base pairs) from Meredith et al. (2011) . This phylogenetic hypothesis includes 164 species, representing 96 to 99% of mammalian families (Meredith et al., 2011) . Meanwhile, the phylogenetic hypothesis of Meredith et al. (2011) did not include the great majority of species that we utilized to calculate rKDmicro. Thereby, for the analyses with rKDmicro, we used the phylogenetic hypothesis proposed by Rolland et al. (2014) . This phylogeny has shown consistent results in the estimation of diversification rates (Rolland and Salamin, 2016) . For instance, it did not exhibit differences in diversification rates when compared with other phylogenetic hypotheses such as those of Faurby and Svenning (2015) and Hedges et al. (2015) .
To confirm that our imputation of traits does not affect the results, we repeated the analyses using only the complete data, that is, removing species with missing values. These results did not change our main conclusions and are presented in the Supplementary material (Supplementary Appendix A, and Supplementary Table S5 ). In order to graphically visualize the evolution of rKDmacro and rKDmicro in the course of the diversification of mammalian families and species, we performed the reconstruction of the ancestral state with the Maximum Likelihood method for continuous traits assuming a Brownian Model of evolution. To interpolate the internal state along the length of the branches, we used Felsenstein's equation (Felsenstein, 1985) with Phytools packages (Revell, 2013) in R 3.0.2. The functions and arguments from R environment that were used in our analyses were provided in Supplementary Appendix C.
RESULTS
The analysis of the mode of evolution of rKDmacro revealed that the best explanatory model was Ornstein-Uhlenbeck with a single optimum (σ = 0.83, α = 1.43) ( Table 2 ). On the other hand, rKDmicro adjusted better to a Kappa speciational model (σ = 0.053, κ = 0) ( Table 3 ). For both rates of karyotypic diversification, the Brownian Motion model showed one of the worse fits, supporting the Nonneutral Hypothesis.
Rates of macrostructural chromosomal evolution varied two orders of magnitude among families. The lower value was observed in the Cynocephalidae (Dermoptera) with 0.012 c/my, whereas the highest corresponded to the rodent family Cricetidae (Rodentia) with 2.562 c/my (Figure 1a , Supplementary Appendix A and Supplementary Table S3 ). The use of PGLS did not reveal any correlation of rKDmacro with body mass, nor with metabolic rate. On the contrary, sexual maturity age showed a negative correlation marginally significant with rKDmacro (t = − 1.85, P = 0.066, d.f. = 105), providing support for the Reproductive Rate Hypothesis (Table 4 ). In addition, we obtained a highly significant negative correlation between rKDmacro and mean species geographic range (t = − 2.43, P = 0.016, d.f. = 105) and a positive correlation with family geographic range (t = 8.14, Po0.001, d.f. = 105) (Table 4 ). In the multiple regression models, the combined effect of family geographic range (positive correlation) and mean species geographic range (negative correlation) was the best model, strongly supporting the Geographic Range Hypothesis (Po0.001, d.f. = 103) (Table 4) that showed ΔAIC 44 over other candidate models.
At the species level, Mus platyhrix (Muridae, Rodentia) and Microtus oeconomus (Cricetidae, Rodentia) showed the highest rKDmicro with 2.54 and 2.28 c/my respectively (Figure 1b , Supplementary Appendix A and Supplementary Table S2 ). In contrast, the bat Tadarida teniotis (Molossidae, Chiroptera) showed the lowest rate of chromosomal evolution with only 0.014 c/my (Figure 1b , Supplementary Appendix A and Supplementary Table  S2 ). In the PGLS analysis of rKDmicro we observed a significant correlation only with the reproductive variables. In the simple models, rKDmicro was only negatively correlated with longevity (t = − 2.28, P = 0.023, d.f. = 207), whereas the model with lower AIC value was obtained for the interaction between longevity (negative correlation) and litter size per year (positive correlation) (P = 0.023, d.f. = 205) (Table 5) , strongly supporting the Longevity and Reproductive Rate Hypothesis.
DISCUSSION

Modes of evolution
Biological and biogeographical characters influence the karyotypic diversification in mammals. Mammals exhibit the largest diversity of diploid numbers within the vertebrates (Villena and Sapienza, 2001 ). Several mechanisms have been proposed to explain mammalian chromosomal evolution: (1) genetic drift, (2) divergent selection and (3) meiotic drive (White, 1978b; Villena and Sapienza, 2001; Molina et al., 2014) . These mechanisms facilitate or inhibit the fixation of new chromosomal rearrangements. However, until present, the ultimate causes that lead to higher or lower rates of chromosomal mutation, the source of the variation on which these mechanisms act, had not been revealed.
Our results indicate that rKDmacro and rKDmicro are highly variable traits that do not evolve through neutral evolution. For rKDmacro, an Ornstein-Uhlenbeck model under stabilizing selection with a single optimum (Butler and King, 2004) , and moderate selection strength, was chosen as the best alternative model. This is consistent with a possible adaptive role of macrostructural rearrangements such as pericentric inversions and Robertsonian fusions/fissions that can restrict recombination of locally adaptive alleles (Guerrero and Kirkpatrick, 2014 ). An increase in an initially low rKDmacro may be advantageous because deleterious mutations will be selectively eliminated from the population, whereas rare beneficial mutations may become rapidly fixed. On the other hand, if the mutation rate is initially high, its increase could be disadvantageous by producing an extremely high number of deleterious mutations that can overcome the capacity of normalizing selection to eliminate them. As a result of this process, there is a tendency of rKDmacro toward an adaptive optimum where fitness is maximized at a given mutation rate (Gerrish et al., 2013) .
In contrast, rKDmicro showed a very good agreement with a punctuational evolutionary model, indicating the existence of periods of stasis of chromosomal change and abrupt burst of chromosomal mutations over short periods of time (Pagel, 1999) . Repetitive sequences usually grouped in the form of heterochromatin, change swiftly in amount and position and are an important component of genome size (Gregory, 2005) . Several mechanisms such as unequal crossing-over, slippage, transposition and retrotransposition can lead to increases and decreases of these sequences that have non-Mendelian dynamics (Dover, 2002) . Phylogenetically close groups, populations of the same species and even the same individual along its life may have great differences with respect to location and quantity of heterochromatin (Ventura et al., 2004; Pieńkowska-Schelling et al., 2008) . Chromosomal rearrangements essentially depend on these repeated sequences that are recombination hot spots, consisting of GC-rich sequences (Bailey et al., 2004) . This is supported by the observation that groups with high recombination rates such as Muridae (Rodentia) have large quantities of GC repeats in pericentromeric regions as a result of the generation of neocentromeres after centric fission events (Webber and Ponting, 2005) . This is clearly observed when rKDmicros are mapped onto the mammalian phylogeny (Figure 1b) : contrasting patterns are observed within the same phylogenetic group. These divergent patterns in phylogenetically close groups that share similar life-history characteristics and distribution are a good indicator that karyotypic intrinsic characteristics (for example, heterochromatin localization) modulate chromosomal rearrangement. Thus, rKDmicro shows evolution dependent on repetitive sequences (White, 1978b; Garagna et al., 2001; Dover, 2002) , although the determinant factors will be natural selection, genetic drift and/or meiotic drive that will allow or impede the fixation of chromosomal changes.
Geographic and life-history correlates
The influence of metabolic rate on the rate of mutation has been originally proposed for mitochondrial DNA (Martin and Palumbi, 1993; Allen et al., 2006) . Although it is widely accepted that animals with high metabolic rates and small body size show higher mutation rates for mitochondrial DNA, we did not find any evidence to support the Metabolic Rate Hypothesis in relation to the mammalian rates of karyotypic diversification. In principle, one can expect that the rate of chromosomal rearrangements should be correlated with reproductive characteristics. Reproduction is affected by many life-history traits such as sexual maturity age, number of litters per year and longevity. However, literature on this topic is scarce. In a recent series of reviews of karyotypic evolution of mammals, few references to reproductive characteristics or mating systems were made . The rationale of the Reproductive Rate Hypothesis is that chromosomal rearrangements are mutations that must be transmitted during reproduction through gametes to the next generation in order to have a chance to persist in a population. Gametes are produced by meiosis where DNA synthesis and repair occur at interphase and during crossing-over where chromosomal mutations may occur. Thus, the larger the number of meiosis tested through reproduction, the higher the probability of a chromosomal rearrangement being transmitted to the next generation.
However, our results indicate that both indices of chromosomal diversification show somewhat different responses to reproductive predictors. Although rKDmacro and rKDmicro show correlation with reproductive characteristics, significance is higher for the second index. In addition, rKDmicro shows a significant correlation with the litters per year × longevity interaction, and a marginally significant correlation with litters per year × sexual maturity age. Thus, reproductive factors seem to be more relevant to the evolutionary accumulation of chromosomal micro-rearrangements that are accounted for by rKDmicro. The reasons for this difference may be attributed to the differential behavior of macro-and microstructural chromosomal changes during meiosis: chromosomal mutations such as Robertsonian fusions/fissions or large inversions that visibly alter karyotypic structure usually present meiotic problems at the synaptic and orientation/segregation stages in heterozygosis (King, 1995) . This abnormal behavior can produce gametic imbalance and loss of fertility, thus compromising their transmission to future generations and their establishment in a population (King, 1995) . Microrearrangements on the contrary, although representing cryptic structural hybridity, are not expected to necessarily produce severe meiotic impairment (for example, small inversions may remain unsynapsed during pachytene and the problem of crossing-over within the inverted region is avoided) and their expectations of transmission are increased.
Our results might be explained as follows: more litters per year imply that more gametes (potential carriers of a chromosomal rearrangement) are involved, thus increasing the probability of a chromosomal mutation being transmitted and eventually established in a population. As explained before, those mutations that cause less meiotic problems (mainly micro-rearrangements) stand a better chance of persisting in time. As the number of litters per year and sexual maturity age are variables that also depend on longevity, two species with the same sexual maturity age and rates of reproduction but different longevities should show different probabilities of establishment of new chromosomal variants. The former explains the significant and marginally significant correlations of rKDmicro with litters per year × longevity and sexual maturity age × longevity respectively (Table 5 ). These correlations also make sense if it is considered that the genome is a life-history variable whose characteristics, such as mutation rate, scale with other life-history traits (Bromham, 2011) . Thus, our results support the Reproductive Rate Hypothesis.
Although chromosomal changes are not a condition for speciation, it is widely acknowledged that chromosomal change may contribute to the establishment of reproductive isolation favoring the differentiation of incipient species (Faria and Navarro, 2010) . Our analyses showed that a high rKDmacro is associated with families with wide geographical range but contain species with restricted distributions (for example, Muridae and Cricetidae), supporting the Geographic Range Hypothesis. This is made explicit by the highly significant correlation of rKDmacro with family geographic range × mean species geographic range (Table 4) . The local chromosomal characteristics may diverge from their initial state through the action of adaptation and/or genetic drift. Different environments produce differential selective pressures, and thus if a chromosome rearrangement confers an adaptive advantage to carriers in a given environment, it could spread and eventually become fixed in a population (Bonvicino et al., 2001; Hendry, 2004; Kirkpatrick and Barton, 2006; Hooper and Price, 2015) . In addition, species with fragmented distributions and small populations favor the chance fixation of chromosomal rearrangements by drift, and gene flow between populations that is a determinant factor in the fixation of local adaptive characteristics (Hooper and Price, 2015; Martinez et al., 2015) . Highly vagile species tend to have more migrants between populations and, as a consequence, a lower probability of fixation of adaptive characteristics (Olson-Manning et al., 2012; Martinez et al., 2015) . However, if the selective pressure on the trait is very strong, it can become fixed even in the presence of high gene flow (Coyne and Orr, 2004) . This seems to be the case of some macrostructural chromosome changes. Rearrangements such as Robertsonian fusions and inversions can have very pronounced effects on meiotic recombination indices, sometimes protecting adaptive supergenes that can be beneficial in certain environments (Bidau et al., 2001; Lowry and Willis, 2010) . Under this perspective, a larger geographical distribution of a family can expose its species to different selective pressures allowing the fixation of different rearrangements in different environments.
However, it is accepted that most chromosomal changes are not adaptive, but even in that case they may become fixed in different populations that could sometimes lead to speciation by postzygotic reproductive isolation (Rieseberg, 2001; Faria and Navarro, 2010) . However, for this to occur it seems essential that populations with different fixed rearrangements are geographically isolated (Lande, 1985; Britton-Davidian et al., 2000) . Populations are more susceptible of diverging genetically in allopatry, and under certain circumstances, accumulate chromosomal rearrangements (Faria and Navarro, 2010) . In peripheral areas of species distributions, populations are more prone to differentiate. In these regions populations have the opportunity of colonizing and exploiting new environments or niches (Bush et al., 1977) . If underdominant or neutral chromosomal rearrangements occur in these incipient species, they will only differentiate and expand if their distributions are strongly geographically isolated (Wright, 1951; Lande, 1985; Charlesworth et al., 2003) . If not, they will coalesce with their more numerous parental population through hybridization, and the new mutation will be rapidly lost because it does not offer any adaptive advantage that could permit its permanence (Rieseberg, 2001) . Characteristics of species such as low vagility may favor this diversification mechanism because this condition may have allowed exclusive karyotypes to become isolated and fixed in different localities that can eventually lead to speciation. Our results also support this situation where families that comprise species with restricted geographic range and possibly low vagility, like Ctenomyidae or Soricidae, show higher karyotypic diversity (Table 4) .
Geographic range does not predict the degree of chromosomal diversification of rKDmicro as it occurs at the family level. This is expected as the present geographic distribution of a given species is the result of historical factors that probably lack any relation with its chromosomal evolution despite the fact that the same species could have started as a chromosomally differentiated population. At the family level, a large past geographic distribution in a heterogeneous environment could have favored chromosomal diversification as explained above. Conversely, a high rate of chromosomal diversification in the family's ancestors might have favored the expansion of its geographic range by allowing the colonization of new habitats.
In summary, our results showed that chromosomal evolution is non-neutral and is correlated with reproductive rate and geographic range, as expected by our predictions (Table 1) . Nevertheless, mammalian karyotype diversification is extremely complex and it is influenced by historical and adaptive processes where reproductive and genetic factors modulate the rate of chromosomal changes. Mechanisms of chromosomal evolution have always been controversial and phylogenetically based large-scale studies such as the present one may help understand the factors that modulate chromosomal diversity across evolutionary time.
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